Rats rapidly learned to find a submerged platform in a water maze at a constant distance and angle from the start point, which changed on every trial. The rats performed accurately in the light and dark, but prior rotation disrupted the latter condition. The rats were then retested after receiving cytotoxic hippocampal or retrosplenial cortex lesions. Retrosplenial lesions had no apparent effect in either the light or dark. Hippocampal lesions impaired performance in both conditions but spared the ability to locate a platform placed in the center of the pool. A hippocampal deficit emerged when this pool-center task was run in the dark. The spatial effects of hippocampal damage extend beyond allocentric tasks to include aspects of idiothetic guidance.
Rats have at their disposal an array of different strategies for reaching a specific location. Examples include the use of a single, salient landmark close to the goal location, the use of the relative disposition of distant stimuli (i.e., allocentric processing), the use of the geometric shape of the local environment, or the use of the heading angle from the rat's start position, which may be combined with proprioceptive feedback to help plot distance traveled. In order to understand the ways that these different classes of stimuli can be used and to determine whether they depend on different neural systems, it is often necessary to isolate the individual strategies.
For allocentric learning, this individual analysis has often relied on tests using a water maze. This reliance follows the discovery that rats can accurately find a submerged platform in a fixed location in a circular pool (Morris, 1981) . Starting each trial from a new position and removing all local cues forces the animal to rely on the relative arrangement of distal visual cues, that is, an allocentric strategy. Performance of this task is critically dependent on the hippocampus (Morris, Garrud, Rawlins, & O'Keefe, 1982) but is also affected by lesions in a range of other, related brain structures, including the fornix and retrosplenial cortex (Cassel et al., 1998; Sutherland & Hoesing, 1993; Sutherland & Rodriguez, 1989; Vann & Aggleton, 2002; Whishaw, Maaswinkel, Gonzalez, & Kolb, 2001) . Such findings have prompted the question of whether the same structures are also needed for other modes of spatial navigation or whether quite different neural systems are required (Kesner, Farnsworth, & DiMattia, 1989; Mizumori, Cooper, Leutgeb, & Pratt, 2000; O'Keefe & Nadel, 1978) . Some of the clearest contrasts have been between the use of allocentric cues and the use of proprioceptive feedback, that is, response-based strategies (Aggleton, Neave, Nagle, & Sahgal, 1995; de Bruin, Moita, de Brabander, & Joosten, 2001; Kesner et al., 1989) .
Like allocentric processing, response-based learning can be tested in the water maze. Thus, by using a fixed start position, as well as a fixed platform position, the rat can learn a specific trajectory and swim distance and so escape from the water without using allocentric cues. Using this arrangement it has been found that hippocampal system lesions can have relatively little effect (Eichenbaum, Stewart, & Morris, 1990) . Thus, rats with fornix lesions were only mildly impaired and could apparently learn a heading direction (Eichenbaum et al., 1990) . The use of a fixed start point, and hence a fixed platform position, does, however, mean that absolute position (i.e., allocentric cues) can still be used to solve the problem. A refinement, therefore, is to change the start position on every trial, thus forcing a response-based strategy (de Bruin et al., 2001 ). This does not, however, eliminate the use of visual cues, as these can still help the rat to learn the distance of the platform from the side walls. As this distance will be fixed, this task variant is still not a pure test of responsebased learning. Evidence that rats will often use multiple cue types to solve spatial tasks (Restle, 1957; Suzuki, Augerinos, & Black, 1980; Whishaw & Mittleman, 1986 ) underlines this potential problem and points to the value of tests in which fewer cue types are present.
One way to eliminate visual cues is to test in the dark. Rats are able to find a platform in the water maze in the dark when it is in a fixed position (e.g., northwest) relative to the fixed start point (e.g., south). Although they are slower to acquire the task than in the light, normal rats appear eventually to learn an accurate trajectory (Commins, Gemmell, Anderson, Gigg, & O'Mara, 1999; Moghaddam & Bures, 1996) . Even so, care is needed to remove other cues, for example, localized sound sources. The likely importance of this was shown by Moghaddam and Bures (1996) , who, after training, switched their rats to a new start location, but with an identical swim trajectory (e.g., east to southwest). This resulted in a significant increase in swim time that should not have occurred if the rats had learned only the most direct trajectory and distance. The same study (Moghaddam & Bures, 1996) also reported that under these dark training conditions, the rats could learn a new trajectory within three trials. The authors suggest that this very rapid reversal learning indicates that "egocentric cognitive maps" (p. 126) are very flexible. They also emphasized the need to eliminate all nonvisual allocentric information before this conclusion can safely be reached.
The first goal of the present study (Experiment 1) was to extend understanding of trajectory-based strategies by using a task designed to exclude other strategies. This then allowed us to address the unresolved issue of whether this form of learning is especially flexible. It also allowed us to test the contribution of vestibular cues and visual cues to this form of learning. In this study, rats were trained to swim in a circular pool to a submerged platform that was at a fixed direction and distance from the start point. Unlike in some previous studies (Commins et al., 1999; Moghaddam & Bures, 1996) , the absolute position of the platform was changed on every trial. As a consequence, the start point also changed by the same amount on every trial. The possible use of allocentric cues was further discouraged by training with curtains surrounding the maze and training in the dark after initial acquisition. A variety of probe trials were inserted to determine the strategies that had been learned.
The second goal (Experiment 2) was to examine the consequences of lesions in the retrosplenial cortex and hippocampus on the same task once it had been systematically analyzed. Interest in both of these structures arises from evidence that they may be important for path integration (Whishaw, 1998; Whishaw, Hines, & Wallace, 2001) , the ability to plot a novel route back to a start point. The fact that path integration can be performed in the dark ) highlights how normal animals are capable of using idiothetic feedback to monitor their current position and determine heading direction. In addition, both the retrosplenial cortex (Chen, Lin, Green, Barnes, & McNaughton, 1994; Taube, 1998) and the postsubiculum in the hippocampal formation (Taube, 1998; Taube, Goodridge, Golob, Dudchenko, & Stackman, 1996) contain head direction cells. These cells receive both idiothetic and distal (e.g., visual) information, the former class of information being of special relevance for the present task. Finally, lesion studies have demonstrated the importance of the parietal cortex for locating landmarks in the water maze in the dark (Commins et al., 1999; Save & Moghaddam, 1996) . It has been argued that the projections from the parietal cortex to the retrosplenial cortex and, thence, to the hippocampal formation, form part of a network for integrating self-motion and external cues (Save & Poucet, 2000a , 2000b . Taken together, these findings strongly suggest that the retrosplenial cortex and hippocampus are both important for locating a hidden platform in the pool when the rat is forced to use heading and proprioceptive cues, and that their removal leads to impaired performance. These predictions remain to be tested.
Experiment 1

Method Subjects
Subjects were 20 adult male rats (Lister hooded strain; Charles River, UK) weighing between 230 g and 280 g at the start of the experiment. The rats were housed in pairs under diurnal light conditions (14 hr light/10 hr dark), and testing was carried out during the light phase. All experiments were conducted in accordance with the United Kingdom Animals (Scientific Procedures) Act (1986).
Water Maze Apparatus
The maze (2 m in diameter, 60 cm deep) was made of white fiberglass and mounted 58 cm above the floor. For all tests, the pool was filled with water (24 Ϯ 1°C) made opaque by the addition of a nontoxic emulsion, Opacifier (Chesham Chemicals, Harrow, UK). An escape platform (29.5 cm diameter, 2 cm below water surface) could be placed in the pool. The diameter of this platform was approximately 3 times larger than that typically used in water maze studies. A beige, opaque curtain was hung on runners from the ceiling, thus enclosing the water maze. The pool was in a room (4.4 m ϫ 4.0 m) that was normally lit by 500-W floor lights. The light level in the center of the water maze with the external lights switched on was 365 lux, and was balanced across the room.
For those studies in the dark, the floor lights were replaced by two infrared sources (Lamp Infrared Illuminator, 230 VAC/50 Hz, 300mA, Maplin Electronics, Wombwell, South Yorkshire, United Kingdom) placed on opposite sides behind the pool. Their beams were projected through a gap in the curtains toward the ceiling but were shielded from direct view by black cardboard screens. Thus, the light level in the center of the maze during the dark condition was 0.1 lux. The paths of the rats were tracked with a video camera sensitive to infrared light that was suspended directly above the pool. For the conditions in the light the swim paths were recorded on videotape. Data were collected and analyzed online with an HVS image analyzer connected to a computer that used Watermaze Software (Edinburgh). For dark conditions, performance was measured by latency, as the tracking system could not provide complete escape paths. The rats were transported between the holding room and the water maze in an opaque, aluminum traveling box (5 rats at a time). They were also placed in the opaque holding box in between each trial.
For pretraining, which encouraged the rats to swim out into the middle of the maze, an L-shaped alley was constructed from black plastic. This alley, which was 10 cm wide, could be placed in the pool with its sides 34 cm above the water level. The alley ran straight for 100 cm from the side of the pool to the middle of the pool, where it turned 90°either to the right or left for a further 50 cm, with an exit that faced away from the start point. As a consequence, the center of the escape platform was 126 cm from the release point, at an angle of 25°from a line straight ahead of the start point (start point to center of maze). The escape platform was placed at the end of the alley, which was open, so that the rat could swim directly onto the submerged platform.
Behavioral Training
Training consisted of six stages.
Stage 1: Pretraining. The rats were pretrained with the room lights on and the curtains closed. For each trial, the rat was placed in the water facing the wall at the start of the alley. For half of the rats, the L-shaped alley turned to the right; for the other half, it turned to the left (see Figure 1) . Each rat was given a maximum of 120 s to swim down the alley to the submerged platform at the end. Once the rat reached the platform, it was left there for 15 s. The intertrial interval (ITI) was between 5 and 10 min. During the ITI, 4 other rats received a training run. Each rat received four trials a day, and for each trial, the alley started in a different position (north, east, south, or west), but the turn direction was constant. Thus, 10 rats were pretrained with a right turn and 10 with a left turn. Pretraining lasted for 10 sessions.
Stage 2: Swimming to a constant relative platform position in the light-response learning. Immediately after pretraining, the alley was removed and the rats were trained to swim to the hidden platform for a total of seven sessions with the lights on and the curtain closed (Sessions 1-7). For half of the rats, the platform was in the same relative position to the start point as it was during pretraining (Group Same, see Figure 1 ); for the other half, the platform was in the opposite position (Group Changed). Thus, for those rats in the Group Same pretrained to turn to the right, the platform remained at a distance of 126 cm and 25°to the right. For rats in Group Changed pretrained to turn to the right, the platform was still at a distance of 126 cm but was 25°t o the left. The comparison between Groups Changed and Same would show whether the pretraining affects subsequent swim path learning. Rats received one session per day. pretraining; swimming down a corridor to submerged platform. Stage 2: response acquisition; swimming to a platform in a constant direction and distance from a start point that changes on every trial. Stage 3: reversal learning; half of the rats (reversed) learn to swim to a platform in the mirror image position. The remaining rats (constant) continue swimming in the same direction and distance. The heading angle is the angle from the start point to the position reached after the rat has swum 0.2 m. Stage 4: swimming in dark; swimming to the same platform direction and distance as used for the previous stage but in the dark. Stage 5: effects of rotation in light and dark. Stage 6: retraining prior to surgery; three reacquisition sessions prior to surgery using exactly the same procedure as Stages 3 and 4. All conditions included a curtain around the maze. Quad. ϭ quadrant.
All rats received five sessions, each of four trials, of swimming to a hidden platform that remained in a constant direction and distance from the start point. Training remained in the light with the curtains closed. To preclude the use of allocentric cues, the start position also changed for every successive trial. The order of the start points varied from day to day. The ITI was between 5 and 10 min. As in pretraining, the rat was always placed at the start point facing the side wall.
On Session 6, all rats received a probe trial. The purpose of this probe was to determine whether the rats had learned a specific direction in which to swim, or whether they had merely developed an effective means of searching across the water. For this probe, one of the four trials was a reversal, that is, the platform was placed in the mirror image position for just one trial. For half of the rats, the probe was on Trial 2, and for the other half the probe was on Trial 4. This probe trial lasted for a maximum 120 s. On Session 7, the training procedure was the same as on Days 1-5, that is, four trials with the platform in the same direction and distance as used throughout these training trials.
Stage 3: Reversal to platform in opposite direction but same distance. Throughout Stage 2, no evidence was found that the same/changed pretraining conditions had any differential effect on learning the platform position. Thus, although these two groups were carefully counterbalanced across Stages 3-5, they will not be considered separately.
For the next 10 sessions (Sessions 8 -17) half of the rats (Group Reversed) were trained to swim to a platform that was always in the reversed position, that is, if trained in Stage 2 to swim 126 cm to the right, in Stage 3 the rat had to swim to a platform 126 cm to the left (Figure 1, Stage 3 ). For the remaining rats (Group Constant) the platform stayed in the same relative position as that used for Sessions 1-7, that is, it did not change its angle and distance. Counterbalancing ensured that the two groups (reversed and constant) contained the same number of rats swimming to the left or the right. In addition to recording the escape latencies, a heading angle was calculated for each rat for each trial. This heading angle was automatically calculated from a line drawn from the start point to the position the rat reached after it had swum 0.2 m (Figure 1 ). The most direct path to the hidden platform corresponded to a heading angle of 25°. This angle was measured from the line from the start point to the center of the pool (0°), so that an angle of less than 25°was nearer to the midline and an angle of more than 25°reflected a preference to swim closer to the edge of the pool. A positive angle occurred when the rat headed into the correct half of the pool; a negative angle occurred when the rat headed to the incorrect half of the pool.
Training on this stage continued until the rats in Group Reversed had learned the new platform position. Inspection of the results showed that the swim latencies of the Groups Reversed and Constant had converged by the 6th session (Session 13), and when the mean latencies were compared for the last 5 sessions (Sessions 13-17), there was no group difference ( p ϭ .40) , that is, the two groups did not differ on this measure prior to moving to the next stage.
Stage 4: Finding the platform in the dark. On Sessions 18 -22, the rats were trained to swim to the platform, which was in the same direction and same distance as that used throughout Stage 3, except that the room lights were switched off and replaced by two infrared light sources (Figure 1 ). At the start of each trial, the room lights were switched off and the rat was then removed from its opaque holding cage. It was then placed in the water at the edge of the pool facing the side wall, and care was taken to rotate the rat as little as possible after it was removed from the holding cage. At the end of each trial (i.e., once the rat reached the platform), the four floor lights (each outside the curtain) were switched on. The ITI was the same as that used for Stage 3. The rats were tracked with the video camera system. To tell when the rat reached the platform, the experimenter looked at a small monitor (13.5 ϫ 17.5 cm, Hitachi) that was placed in the test room. This was shielded from the rats by being placed behind the curtains (which were closed throughout) and out of their direct line of sight. Latencies were recorded with a stop watch.
On Session 21, a single reversal probe was given on Trial 3 (i.e., for all rats, the platform was in the mirror image position for a single trial). Finally, for the last trial on Session 22 the lighting was altered so that the two infrared sources and the monitor were switched off. For this trial only, the experimenter wore a pair of night-vision goggles (D-2MV; Dipol Ltd., Vitebsk-GSP, Belarus). Under these conditions, the light level in the center of the water maze registered 0 lux. Although the rats could not be observed with video equipment under these conditions, it was still possible to record their escape latency with a stopwatch.
Stage 5: The effect of rotation-vestibular disorientation. For Sessions 23-24, the rats were rotated immediately prior to a test trial. For this, each rat was rotated in a dark box at a speed of about 60 rpm for 15-20 s. The rat was released into the pool, facing the side wall, immediately after the rotation stopped. On Session 23, half of the rats were tested in the light and half of the animals were tested in the dark for all four trials. The curtains were closed throughout. The dark training was under infrared illumination (0.1 lux). The testing arrangements were reversed the following day.
Stage 6: Retraining prior to surgery. For the last three sessions, rats were trained in the light (Sessions 25-27) and dark (Session 26) using exactly the same procedure as in Stages 3 and 4, respectively. These sessions were used to match the performance of rats prior to surgery.
Results
Stage 1: Pretraining
All rats rapidly learned to swim down the alley to the platform, so that by the 2nd day they had reached an asymptote. The latencies of the two groups did not differ over the 10 sessions (F Ͻ 1). By the last day of pretraining, the mean swim latency per trial for rats trained to go to the right was 15.9 s, and 14.6 s for those trained to go to the left.
Stage 2: Swimming to a Constant Relative Platform Position in the Light (Sessions 1-7)
The rats quickly reduced their latencies to find the platform (see Figure 2 ) as reflected by the clear effect of session, F(4, 72) ϭ 19.9, p Ͻ .01. Inspection of the results (Figure 2 ) suggests that by Session 4 the rats had reached an asymptote. Consistent with this, the latencies for Sessions 4 and 5 differed from the previous days but did not differ from each other. When the escape latencies for Sessions 1-5 (Trials 1-20) were compared between the Groups Same and Changed, there was no evidence that the specific pretraining condition had influenced escape latency: group effect, Figure 2 . Mean (Ϯ SEM) escape latencies from four daily trials of rats swimming to a platform in a constant direction and distance from the start point (Stage 2). Group Same swam to a platform in the same location as that used during pretraining. For Group Changed, the platform was in the mirror image location.
F(1, 18) ϭ 1.17; Group ϫ Day interaction, F Ͻ 1. Finally, Session 1 was considered separately, as the rats showed the clearest evidence of learning during this session. Once again, there was no evidence of a pretraining group difference (t Ͻ 1).
On Session 6, one of the four trials was a reversal probe (i.e., the platform was placed in the mirror image position). This reversal trial helped to test for any possible guiding cues associated with placing the platform. For half of the rats, the reversal was on Trial 2, and for the other half, the reversal was on Trial 4. The latencies for Trials 2 and 4 (see Figure 3a) were then compared by means of a paired t test. This comparison showed that on the reversal trial, the rats required more time to find the platform, t(19) ϭ 4.47, p Ͻ .01. For these two trials, the percentage of the escape time that was spent in two nearest, adjacent quadrants was also compared (Figure 3b) . These adjacent quadrants correspond to the immediate left and right sides from the release point, and not the quadrant under which the platform would normally have been submerged ( Figure  1 ). It was reasoned that a rat trained to swim to the left would spend more time in the immediate left quadrant if it had learned a direct route, and vice versa. The analysis showed that the rats did indeed spend more time in the "correct" immediate quadrant than in the opposite immediate quadrant during this probe trial (Figure 3b) , t(19) ϭ 3.25, p Ͻ .01.
Stage 3: Reversal to Platform in Opposite Direction but Same Distance (Sessions 8 -17)
Half of the rats were trained to swim to the opposite (reversed) position to that on Sessions 1-7, and the remainder continued swimming to a same (constant) position. As shown in Figure 4 , the rats in Group Reversed initially took appreciably longer to find the platform, but by Session 13 the latencies for two groups overlapped. An analysis of variance (ANOVA) using the mean daily latencies for each group showed that overall there was a group effect, F(1, 18) ϭ 5.5, p ϭ .03, as Group Reversed rats took longer. There was also a day effect as the reversal group improved, F(9, 162) ϭ 5.58, p Ͻ .01. The Group ϫ Day interaction was close to being significant, F(9, 162) ϭ 1.84, p ϭ .06.
A clearer picture of the performance patterns of the two groups is provided by the changes in the heading angles over successive sessions and the changes in the relative times spent in the two nearest quadrants for Group Reversed (see Figure 1) . The heading angle is calculated as the angle from the start point to the point that the rat reached after swimming 0.2 m (Figure 1 ). These data showed that the heading angle for Group Reversed gradually changed over time so that they were realigned to the new platform position (see Figure 5 ). An ANOVA using the mean heading angle for each rat for each session showed the expected group effect, F(1, 18) ϭ 20.7, p Ͻ .01, but also showed a very clear Group ϫ Heading Angle interaction, F(10, 180) ϭ 7.62, p Ͻ .01. This interaction reflected the way that the heading angle of Group Reversed changed over days, whereas that of Group Constant remained unchanged ( Figure 5 ). An unexpected finding was that the mean angle of Group Constant (around 50°) remained higher than the optimum angle. The persistence of this tendency to initially swim close to the walls before heading out to the platform position cannot readily be explained.
The nearest quadrant analysis was confined to the rats in Group Reversed. On Session 7 (the last day in Stage 2; see Figure 6 ) the rats showed a marked preference for the original "correct" nearest quadrant (see Figure 1) . From Session 8 (the first reversal day) this preference decreased, so that by Day 12 the mean preference had switched to the other side of the pool (Figure 6 ). The rats now showed a significant preference ( p Ͻ .05) for the correct quadrant for Days 13, 14, 16, 17 . This change in preference was reflected by the Session ϫ Quadrant Preference interaction (Figure 6 ), F(1, 18) ϭ 18.1, p Ͻ .01.
Stage 4: Finding the Platform in the Dark (Sessions 18 -22)
All rats were trained to swim to a platform that was in the same direction and same distance as that used in Stage 3, except that now the room lights were switched off and replaced by two infrared light sources. Comparisons for this condition are based solely on latency measures (see Figure 7 ) because the monitoring system sometimes failed to track all of the escape paths at these exceptionally low light levels. It should be noted that for the last 4 days of Stage 3 (Sessions 18 -22) there was no evidence of a difference in the escape latencies between the previously reversed and constant rats: group difference, F Ͻ 1; Group ϫ Session interaction F(4, 72) ϭ 1.83, p ϭ .13. For this reason, the data shown graphically have been collapsed across these two groups. Similarly, the two groups have been combined to form a single group for the subsequent analyses.
The rats took significantly longer to find the platform in the dark, as shown by the comparison between Session 17 (last day in the light) and Session 18 (first day in darkness), paired t(19) ϭ 3.70, p Ͻ .01. Comparisons of the mean latencies for Days 18 -22 (the reversal trial on Day 21 was removed for this analysis) showed that the rats' performance level did not change appreciably with training (i.e., there was no day effect), F(4, 76) ϭ 1.83, p ϭ .14.
A reversal probe test was carried out on Trial 3 of Session 21, and the latency for that trial was compared with the mean latency for the immediately preceding trials (Trials 1 and 2 of Session 21). There was a significant increase in the latency to find the platform when it was placed in the opposite side of the pool for this single trial in the dark (mean Ϯ SEM: normal, 15.0 Ϯ 1.90 s; reversed, 37.5 Ϯ 3.57 s), paired t(19) ϭ 4.84, p Ͻ .01.
For the last trial of the final dark session (Session 22), a different method was used to observe the rats in the dark room. For this, the infrared sources and the monitor were switched off and the rats were observed with a pair of night vision goggles. There was no evidence that the latency for Trial 4 differed from the mean latency for Trials 1-3 on that session (t Ͻ 1).
Stage 5: The Effects of Rotation-Vestibular Disorientation (Sessions 23-24)
Rotation had an effect on both trials in the light and trials in the dark, but its effect on trials in the dark was much more pronounced ( Figure 8 ). As a consequence there was a highly significant interaction between the effects of rotation on dark and light trials, F(1, 76) ϭ 29.3, p Ͻ .01. Consistent with this, there was no latency difference between light and dark normal trials: paired t tests, t(19) ϭ 1.73, p ϭ .10, but there was a highly significant difference between light and dark rotation tests, t(19) ϭ 21.7, p Ͻ .0001. Although the effects were much smaller, rotation did increase the latency of trials in the light (paired t test), t(19) ϭ 3.39, p Ͻ .01, as well as trials in the dark, t(19) ϭ 7.41, p Ͻ .01 (see Figure 8) .
Discussion
The present study analyzed the ability of rats to learn a specific heading direction and distance when finding a submerged platform in the water maze (Commins et al., 1999; Moghaddam & Bures, Figure 6 . Mean (Ϯ SEM) time spent in the nearest correct and incorrect quadrants from four daily trials during acquisition of the new platform position (Stage 3). Only data for the reversed group are depicted. Open circles correspond to the time spent in the near correct quadrant (which was incorrect on Session 7, i.e., prior to reversal), and closed circles correspond to the time in the near incorrect quadrant (which was correct on Session 7, again prior to reversal). 1996). Care was taken to control the available cues, and for this reason the rats began each trial from a new position. This ensured that the rats could not use other polarizing cues in the room (e.g., differences in sound levels). To remove distal cues, curtains were kept around the maze for all stages of testing. Consistent with previous studies (Commins et al., 1999; Moghaddam & Bures, 1996) the acquisition phase (Stage 2) showed that rats are able to solve this problem rapidly. Furthermore, it was possible to demonstrate with the various probe trials that the rat had not merely learned an effective search strategy, for example, to swim at a particular distance from the side walls. Confirmation that the rats had learned to swim a particular start-goal route then came from the reversal phase (Stage 3). In this condition, half of the rats learned to reverse their preferred direction. Their heading angles showed how the rats had initially acquired a preferred direction and how this changed over the reversal sessions. Inspection of the escape latencies shows that the reversal required at least 6 sessions (24 trials) to complete, but an analysis of the heading angles reveals that even after 15 sessions, there were some differences in the swim path trajectories taken by the constant and reversed groups. This heading-angle difference was exaggerated by the tendency of rats in Group Constant to set off in the correct direction but to hug the side wall initially. For this reason, their mean heading angle was higher than the most direct route (25°).
This finding of a relatively slow reversal of a response-based task is in marked contrast to the study by Moghaddam and Bures (1996) , in which rats were trained in the dark for 24 sessions and then reversed to learn a new start-goal route. In that study, rats were able to show clear evidence of learning a new route by the second trial of the very first reversal session. This was taken as evidence that learning in egocentric space is very flexible and, in that respect, is similar to learning in allocentric space (Moghaddam & Bures, 1996) . As a consequence, rats in the study by Moghaddam and Bures did not even display a significant increase in escape latency on the 1st reversal day when compared to the previous training day. In contrast, a clear and significant increase was found in the present study (Figure 4) , in which rats required multiple sessions to reverse. This difference in speed of reversal learning is not due to overtraining in the present study, as the study by Moghaddam and Bures gave over 200 trials in the dark with a fixed start-goal route prior to reversal (compared with 28 trials in the present study). Although it is possible that by being trained in the light our rats were more perseverative or that overtraining by Moghaddam and Bures resulted in faster reversal (Mackintosh, 1974) , inspection of the results of Moghaddam and Bures points to a more likely explanation of the apparent discrepancy. Probe trials by Moghaddam and Bures showed that their rats were sensitive to the absolute position of the escape platform. This was revealed when the start position was changed, resulting in a significant increase in escape latency (Moghaddam & Bures, 1996) . This increase should not occur if the rats had merely learned a fixed trajectory and distance. Moghaddam and Bures concluded that the rats had access to nonvisual allocentric cues (presumably auditory) that may have aided performance. These cues may, in turn, have influenced reversal learning. This problem was avoided in the present study by changing the start position throughout training, thus providing a purer test of nonallocentric strategies. The results clearly show that learning to shift direction is not exceptionally flexible, as previously suggested.
Shifting the rats to the dark (Stage 4) led to a small, but significant, increase in latency to escape. This is to be expected if the rats were using visual cues, such as the distance from the pool perimeter, as an aid to locating the platform position. Nevertheless, the rats were still highly proficient at finding the platform in the dark, and evidence that they were using proprioceptive cues to assess how far they had swum came from the finding that when switched to the dark, the rats did not continue swimming until they reached the far side of the maze. Inspection of the swim paths showed that the rats would often cast around when they were just short of the platform or after they had swum close by the platform. Consistent with the impression that the rats could rapidly switch to a reliance on proprioceptive cues is the fact that the latencies in the dark were considerably quicker than those at the outset of training for Stage 1. Evidence for a learned route also came from the probe trials, which confirmed that even in the dark the rats had learned specific trajectories.
Finally, the ability to solve the task in the dark was shown to involve the use of vestibular information. Although rotation (Stage 5) had very little effect on task performance in the light, it had a large, disruptive effect when rats were performing in the dark. This difference highlights how the rats are able to switch between different cue mechanisms (light to dark, nonvestibular to vestibular) in a highly flexible manner, and it is only when almost all forms of guiding information are removed or disrupted that the rats appear severely impaired.
Experiment 2
This study examined the importance of the hippocampus and the retrosplenial cortex for performing the constant direction and distance task analyzed in the previous experiment. In view of the evidence for the involvement of these regions in path integration (Whishaw, 1998; Whishaw, Hines, & Wallace, 2001) , it was predicted that both surgeries would impair performance. The rats from Experiment 1 were divided into three comparable groups prior to surgery. Postoperative testing was in two phases. In the first phase (Stages 7-9), rats were tested on their ability to swim to a platform that was in the same relative position from the start point as that used in Stages 3-5 of Experiment 1 (see Figure 9 ). For Stages 10 -12, the escape platform was moved to the center of the pool. This location has the unique property that rats can find it in the light by simply heading to the furthest wall. Similarly, as the platform is equidistant from the side walls, it can be found by always swimming away from the nearest side wall. For this reason, the central placement reduces the demand on learning a trajectory and distance, and so should have little or no effect on the two lesion groups.
Method Subjects
The 20 rats were divided into three groups: sham operation (Group Sham, n ϭ 7), retrosplenial lesion (Group RSPL, n ϭ 7), and hippocampal lesion (Group HPC, n ϭ 6). The weights of the rats at the time of surgery ranged from 414 to 539 g.
Apparatus
All apparatus and test conditions were the same as those used in Experiment 1.
Behavioral Training
Testing began 4 weeks after the surgery. The first 12 sessions (Stage 7, Sessions 28 -39) consisted of swimming to a hidden platform placed in a constant direction and distance from the start point (Figure 9 ). The relative position of the platform was the same as that used in the final three stages of Experiment 1. These trials were carried out in the light, using exactly the same protocol as in Stages 2 and 3 of Experiment 1. The next nine sessions (Stage 8, were run with the rat in the dark (i.e., all lights switched off except for a single infrared source; Figure 9 ). The test procedure and conditions were identical to those described for Stage 4 of Experiment 1, except that only a single infrared source was used. The only modification was that half of the rats on Session 44 were tested with the infrared source and monitor switched off, while the experimenter wore a pair of night vision goggles (D-2MV, Dipol Ltd.) to observe the rats' performance. On Session 45, the remaining half of the rats were tested under this night-vision condition. For Sessions 49 -50, testing reverted to that used in Stage 7 (i.e., with the room lights on). Finally, a probe test (Stage 9, Session 51) was run in the light, in which the platform was removed from the pool for Trial 4 and the rats allowed to swim around the pool for 120 s.
For the remaining test sessions, all rats were tested with the platform in the center of the pool (Figure 9 ), a position that had never before been used. Rats were initially trained to find the platform in the light (Sessions 52-57, Stage 10). As throughout, a different start position was used for every successive trial, and all sessions consisted of four trials. Rats were tested in squads of 4, and the ITI was approximately 4 min. On Sessions 58 and 59 (Stage 11), testing was conducted in the dark, with the same protocol as described for Stage 4 of Experiment 1. Finally, on Session 60, the rats were rotated prior to receiving each trial in the dark (Stage 12). For this, each rat was rotated in a dark box at a speed of about 60 rpm for 15 to 20 s. The rat was released into the pool, facing the side wall, immediately after the rotation stopped. 
Surgery
The hippocampal lesions were made by injecting ibotenic acid (Biosearch Technologies, San Rafael, CA). The 6 rats were anesthetized with Halothane and placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) with the head level between bregma and lambda. An incision of the scalp was made along the midline, and a portion of the bone overlying the neocortex was removed. The procedure used to destroy the cells of the hippocampus was similar to that used by Oswald and Good (2000) . In brief, hippocampal lesions were made using multiple injections of ibotenic acid according to the technique described by Jarrard (1989) . The ibotenic acid (concentration 10 mg/ml) was injected into various hippocampal sites with a 2-l Hamilton syringe (Bonaduz, Switzerland) equipped with a glass micropipette tip, and held in a KD Scientific Micromanipulator (Boston, MA). Multiple injections, 14 per hemisphere, were made through nine different tracks in each hemisphere. The coordinates are the same as those used by Coutureau et al. (2002) . The amount of ibotenic acid injected varied from 0.05 to 0.08 l depending on the injection site.
The retrosplenial lesions were made by injecting N-methyl-D-aspartic acid (NMDA; Sigma, Poole, UK). The 7 rats were deeply anesthetized by intraperitoneal injection (60 mg/kg) of sodium pentobarbital. Each rat was then placed in a stereotaxic headholder (David Kopf Instruments) with the nose bar at ϩ5.0, and the scalp was cut and retracted to expose the skull. The lesions were made by injecting a solution of 0.09 M NMDA dissolved in phosphate buffer (pH 7.2). Injections were made in five sites per hemisphere with a 1-l Hamilton syringe. The stereotaxic coordinates of the lesion placements relative to bregma were AP Ϫ2.2, L Ϯ0.7; AP Ϫ3.7, L Ϯ0.7; AP Ϫ5.5, L Ϯ0.8; AP Ϫ5.5, L Ϯ1.0; AP Ϫ6.8, L Ϯ1.1. The depths, from the top of cortex, at each site were Ϫ1.5 mm (most rostral), Ϫ1.5, Ϫ2.2, Ϫ1.2, Ϫ1.6 mm (most caudal). Bilateral injections of 0.3 l of 0.09 M NMDA were made in the two rostral sites, and 0.15, 0.30, and 0.25 l (most caudal) were injected in the remaining sites. At the completion of all surgeries, the skin was sutured and an antibiotic powder (Acramide; Dales Pharmaceuticals, Skipton, UK) was applied topically. Rats also received subcutaneous injections of 5 ml glucose saline and were given paracetamol in their drinking water for 2 days after surgery. Seven rats served as controls (Group Sham). These rats were anesthetized with sodium pentobarbital and then allowed to recover.
Histology
On completion of the experiments, the rats were deeply anesthetized with sodium pentobarbital (1 mg/kg) and perfused transcardially with 0.1 M phosphate-buffered saline followed by 10% (vol/vol) formol-saline. The brains were removed and postfixed in 10% formol-saline and then transferred to 25% sucrose overnight. Sections were cut at 40 m on a freezing microtome, and a one-in-three series of sections was mounted onto gelatin-coated slides and stained with Cresyl violet, a Nissl stain. The retrosplenial lesions were cut in the coronal plane, and the hippocampal sections were cut horizontally.
Results
Histological Analysis
In all 6 hippocampal cases, the surgery resulted in very extensive, bilateral cell loss within the dentate gyrus, CA1-3, and the dorsal subiculum. The extent of cell loss in the cases with the largest and smallest lesions is shown in Figure 10 . Whereas the rostral and middle levels were completely destroyed, there was limited sparing at the caudal limit of the dentate gyrus in four cases (Figure 10) . In 3 cases, the cell loss extended into the ventral subiculum and adjacent parts of the presubiculum. Extrahippocampal damage appeared to be confined to a limited region within the parietal cortex, which showed unilateral damage in 2 cases and bilateral damage in 4. In all 4 cases, the parietal damage was asymmetrical, and it was especially confined in 2 rats.
All seven retrosplenial lesions resulted in considerable cell loss within the agranular and dysgranular parts of area 29. Figure 11 shows the extent of the largest and smallest of the retrosplenial lesions. In all cases, the lesions were either complete or very nearly complete for that part of area 29 anterior to the splenium. Although the lesions continued caudally beyond the splenium, they did differ in the extent of posterior damage. In 3 cases there was bilateral sparing in parts of the most ventral and most caudal, granular area 29. In all cases, the ventral part of the anterior ventral thalamic nucleus contained a region of gliosis. This is consistently observed after retrosplenial lesions (Neave, Lloyd, Sahgal, & Aggleton, Figures Ϫ3.1, Ϫ3 .6, Ϫ4.6, Ϫ5.6, Ϫ6.6, Ϫ7.6, and Ϫ8.6, Copyright 1997, with permission from Elsevier. 1994). Other cell loss outside the retrosplenial cortex was confined to dorsal CA1, which showed a restricted patch of pathology that was unilateral in 1 case and bilateral in another case.
Behavioral Analysis
Preoperative comparisons. There was no evidence that the three groups differed prior to surgery (Experiment 1, Stage 6). Comparisons based on the final performance levels of the three groups when locating the platform in the dark (Day 26) and the light (Days 25, 27) revealed no group differences (F Ͻ 1) and no Group ϫ Task interactions (F Ͻ 1).
Stage 7: Finding the platform in the light . Inspection of the escape latencies for the first 12 sessions shows a very clear pattern of results (see Figure 12) . Whereas the retrosplenial lesions had no apparent effect on performance, the hippocampal lesions produced a deficit that persisted across all sessions (Figure 12 ). This stable deficit was Figure 11 . Diagrammatic reconstructions showing the rats with the smallest (black) and largest (gray) retrosplenial lesions. The regions of cell loss are shown on a series of coronal sections modified from Paxinos and Watson (1997) ; the numbers correspond to distance from bregma. Reprinted from The Rat Brain in Stereotaxic Coordinates, 3rd ed., G. Paxinos and C. Watson, Figures 25, 28, 31, 33, 36, 39, 41, 44, 47, and 50, Copyright 1997, with permission from Elsevier. reflected in a group difference, F(2, 17) ϭ 16.4, p Ͻ .001, but no Group ϫ Day interaction, F(10, 85) ϭ 1.50. A consideration of the simple effects showed that there was a group difference on every session, reflecting the slower latencies of Group HPC.
Stage 8: Finding the platform in the dark (Sessions 40 -48).
As in Stage 7, the escape latencies of Groups Sham and RSPL were very similar, while the hippocampal lesions led to longer escape latencies. Figure 13 shows the data for the eight sessions (grouped in pairs) in which the infrared light source was used (i.e., excluding part of Sessions 44 and 45). For the four pairs of sessions, there was a group effect, F(2, 17) ϭ 12.4, p Ͻ .05, reflecting the poor performance of Group HPC, the simple effects showing that this group was significantly impaired on the first and last pair of sessions compared with both other groups ( Figure 13 ). All rats received a single session with the experimenter wearing night vision goggles (either Session 44 or 45). There was no Group ϫ Lighting Condition interaction across Sessions 44 and 45, F(2, 34) Ͻ 1, indicating that the pattern of results was the same in both conditions of darkness. Consistent with this, the relative order of escape latencies between the three groups remained unchanged, although there was no overall group difference for this single session, F(2, 17) ϭ 1.02.
A comparison using data from the last pair of sessions of Stage 7 (light) and the first pair of sessions of Stage 8 (dark) found no evidence of a Group ϫ Stage interaction (see Figure  14) , that is, there was no evidence that Group HPC was differentially affected by the dark condition. Inspection of Figure 14 also shows that the retrosplenial lesions had no effect on task performance, as measured by comparisons with preoperative scores.
Stage 9: Probe (Session 51). On the fourth trial of testing in the light, the platform was removed. Performance on this probe trial was analyzed by using a probe preference score, which is calculated as (Harker & Whishaw, 2002) . Time in the target quadrant corresponds to time T, and the times in the other three quadrants are A, B, and C. Preference times were taken using the first 30 s of the probe trial. Although Groups Sham and RSPL both showed a similar, significant preference for the correct quadrant, Group HPC showed no preference for the target area (see Figure 15) . Consistent with this, there was a group effect, F(2, 17) ϭ 9.65, p ϭ .0016, as Group HPC differed from the other two groups ( p Ͻ .05).
Stage 10: Finding a platform in the center of the pool . Figure 16 shows the latencies of the three groups to find the platform when it was placed in the center of the pool and testing was carried out in the light. As before, the retrosplenial lesions appeared to have no effect, whereas Group HPC showed an initial impairment that diminished with training. This description accorded with an ANOVA that showed an overall group effect, F(2, 17) ϭ 8.69, p ϭ .003; an effect of session ( p Ͻ .001) as the rats improved with practice; and a Group ϫ Session interaction, F(10, 85) ϭ 2.64, p ϭ .008, reflecting the greater improvement shown by Group HPC. This was confirmed by the simple effects, which revealed that only Group HPC had a clear effect of session ( p Ͻ .001). Consistent with this, Group HPC was impaired on Day 1 (Session 52; p Ͻ .001) but not on the final day of testing (Session 57; p ϭ .178).
Stage 11: Platform in the center in the dark (Sessions 58, 59 ). To assess the effects of performing the same task in the dark, the latencies for Sessions 58 and 59 (see Figure 17) were compared with those for the two preceding sessions (56 and 57). There was an overall group effect, F(2, 17) ϭ 5.91, p ϭ .011, reflecting the poorer scores of Group HPC. There was also an effect of condition: dark versus light, F(1, 17) ϭ 12.1, p ϭ .003, and a Group ϫ Condition interaction, F(2, 17) ϭ 4.27, p ϭ .03, reflecting the greater disruption for Group HPC of performing in the dark. This was supported by the simple effects, which found no clear group difference in the light ( p ϭ .079), but an effect for the dark ( p ϭ .001; Figure 17 ).
Stage 12: Platform in the center in the dark-rotation (Session 60). The final condition involved rotating the rats prior to testing in the dark, and Session 60 was compared with the preceding session. As might be expected, rotation produced a large increase in the latency to find the platform (see Figure 18 ), but no evidence of a group difference (F Ͻ 1) or a Group ϫ Condition interaction (F Ͻ 1). 
Discussion
The disruptive effects of cytotoxic lesions in two sites, the retrosplenial cortex and the hippocampus, on the ability to find a hidden platform at a constant distance and direction from the start point were assessed. The results for the retrosplenial lesions were very clear. There was no evidence that the loss of the large majority of this region disrupted the ability to find the platform. This was true for testing in the light or in the dark and for comparisons with the control group or with preoperative test scores. The probe test confirmed that the rats had learned a true trajectory and distance, as they showed a significant preference for the appropriate quadrant. Although their performance was disrupted when they were rotated prior to being tested in the dark, showing that the rats were using vestibular cues to help guide them, this disruption was equivalent to that in the control rats.
Previous studies of retrosplenial lesions in the water maze have focused on the performance of allocentric tasks. Reference memory tests in the water maze have shown that retrosplenial lesions retard task acquisition (Harker & Whishaw, 2002; Sutherland & Hoesing, 1993; Vann & Aggleton, 2002; Vann, Wilton, Muir, & Aggleton, 2003; Whishaw, Maaswinkel, et al., 2001) , although with additional training, the rats are able to show a significant preference for the platform area in probe trials (Harker & Whishaw, 2002; Vann & Aggleton, 2002) . Although fewer experiments have examined idiothetic information, a recent lesion study found an impairment in a food hoarding test that taxes path integration (Whishaw, Maaswinkel, et al., 2001) . Similarly, temporary retrosplenial lesions disrupted food retrieval and maze performance in the dark (Cooper, Manka, & Mizumori, 2001 ; Cooper & Mizumori, 1999 ). These results, taken with the fact that there are head direction cells in the retrosplenial cortex (Chen et al., 1994) , all point to an important role in aiding the animal to use nonvisual cues and integrate idiothetic information. This conclusion would appear to predict a retrosplenial lesion deficit in the present task both in the light (as most distal visual cues had been obscured with a curtain) and in the dark. Indeed, there is the associated prediction that the deficit in the dark would be disproportionately greater Cooper & Mizumori, 1999 ). In fact, neither pattern was found. This suggests either that other brain regions are sufficient to provide and integrate this information, or that the present experiment was not a full test of the ability to learn a specific trajectory. The latter view is most unlikely, as the findings from Experiment 1 clearly show that the spatial task does rely on the integration of visual, vestibular and other proprioceptive information.
The retrosplenial lesions were not only closely restricted to the retrosplenial cortex but they also resulted in extensive neuronal loss. The size of these lesions is comparable, if not more extensive, than that described in many other studies (e.g., Sutherland, Whishaw, & Kolb, 1988) . It therefore appears unlikely that the null results reflect an incomplete lesion, although there is some sparing at the very caudal limit of the retrosplenial region. Another possibility is that the lack of an impairment in Group RSPL reflected their extensive pre-operative training, with the assumption that this region principally contributes during the acquisition of a new route. Although the retrosplenial lesions did not disrupt the ability to find the platform when it was moved to the center of the pool (Stage 10), this is an easier task, as it can be solved by other strategies, for example, swimming to the furthest wall. Nevertheless, the lack of an increase in swim latencies when tested in the dark (Stage 11) does suggest that a new trajectory had been learned.
An alternative explanation is that the lesion-induced deficits on tests of path integration and radial-arm maze performance in the dark Cooper & Mizumori, 1999 Whishaw, Maaswinkel, et al., 2001 ) reflect the use of tasks that make different demands than the present one. This explanation is plausible, as in all of these other tasks, the animal must constantly monitor and update its position so that it can return to the start point or avoid a previously visited arm. In the present task, the rats learned a fixed trajectory and distance that was constant over trials and over sessions. To take the example of food hoarding, the problem for the rat is to compute a novel, direct route back to the start location. This path integration task would therefore have a greater mnemonic load than the present one, as the outgoing route changes on every trial. Furthermore, food hoarding measures returning to the start, and not learning a set goal position away from the start. In spite of these differences, the present task does require the monitoring of idiothetic information. Indeed, the consequences of shifting rats to the dark makes it very clear that rats in Group RSPL were able to do this, otherwise they would have swum to the far wall when making a small heading angle error (Experiment 1, Stage 4; Experiment 2, Stage 8). We would therefore conclude that the loss of most of the retrosplenial cortex does not affect the ability to monitor and use idiothetic information. There was, however, little demand on the flexibility with which this information is used, and this needs to be addressed in future experiments.
In contrast to Group RSPL, extensive lesions of the hippocampus proper and parts of the subiculum led to a persistent difficulty in swimming to a platform at a fixed distance and angle from the start point. This deficit was confirmed in a probe test that showed that only Group HPC failed to show a preference for the correct location of the platform. This result can be compared with that of de Bruin et al. (2001) , who found that fornix lesions did not affect the ability to swim to a platform in a constant position and direction. Like the current study, they changed the start point for every trial in order to encourage a response-based strategy. One post hoc explanation is that fornix lesions are less disruptive than hippocampectomy, but there are also occasions when this is not the case (Aggleton & Brown, 2002; Cassel et al., 1998) . A related possibility is that the limited parietal damage contributed to the deficit in Group HPC. In view of the likely involvement of the parietal cortex in similar response-based tasks (Commins et al., 1999; Save & Moghaddam, 1996) , we investigated the link between extent of parietal damage and task performance. No clear relationship could be found. Even though the lesions in this study involved only a small portion of the parietal cortex and some were unilateral, this factor cannot be completely excluded. For this reason, the balance of involvement across these two regions should be examined in future studies.
For the final series of sessions, the rats were tested with the platform placed in the middle of the maze. When tested in the light, this task should be appreciably simpler because the rats can use at least three strategies: (a) learn a new trajectory and distance (as in Stages 1-9); (b) swim as far away from the walls as possible, thus bringing the rat into the center of the pool; and (c) always swim toward the furthest wall. Although the Group HPC rats were initially slower, they rapidly improved and after several sessions were not significantly different from the other two groups. This deficit was reinstated when the rats swam in the dark. It would therefore appear that whereas Groups Sham and RSPL could use the first strategy, and so were unaffected by the dark, Group HPC rats were more reliant on wall distance. This failure to use idiothetic cues is consistent with the hippocampal deficit found in earlier stages of Experiment 2, when the control rats were using idiothetic cues to find the submerged platform. This interpretation accords with other evidence that the hippocampus is important not only for allocentric information but also for integrating and monitoring response-based information (Save & Poucet, 2000a; Whishaw, 1998; Whishaw, Hines, & Wallace, 2001) .
The final condition (Stage 12, rotation, test in the dark) highlighted the importance of vestibular cues in setting a course, as all groups performed poorly and at similar levels. This was to be expected, as almost all usable forms of navigational information should have been removed or disrupted in this condition. Thus, the lack of deficit in Group HPC is not surprising, that is, there was a ceiling effect. It is presumably for the same reason that the latency to find the platform in this condition was similar to that found in Stage 5 in Experiment 1 (rotation-dark). This pattern, of greater deficit in the dark but no differential effect when vestibular cues are nullified (Figure 18 ), is consistent with the view that vestibular information reaching the hippocampus is important in enabling efficient navigation (Smith, 1997; Stackman, Clark, & Taube, 2002; Stackman & Herbert, 2002; Wallace, Hines, Pellis, & Whishaw, 2002) .
The overall goal of the study was to control available cues in order to encourage the use of a relatively pure response-based spatial strategy. By using a variety of task manipulations it was then possible to confirm the use of proprioceptive cues and reveal the selective importance of vestibular information when rats were tested in the dark. A feature of Experiment 1 was the way that normal rats are highly flexible as shown by their ability to switch between different types of cue (e.g., when changed from light to dark). This flexibility was not, however, matched by the readiness with which they could reverse from swimming in one constant trajectory to a different trajectory. The results from Experiment 2 revealed a striking contrast between the effects of lesions in two different regions associated with spatial performance. Lesions of the retrosplenial cortex had no apparent effect, whereas hippocampal lesions produced clear, persistent deficits. The latter results show once again that the effects of hippocampal damage on spatial learning are not confined to allocentric information but extend to the use of idiothetic cues. At the same time, learning to swim to the center of the pool (presumably by using wall distance) does not depend on an intact hippocampus, showing that these impairments are not global.
